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The effect of multiple volume reﬂections in one crystal was observed in each of several bent silicon strips
for 400 GeV/c protons. This considerably increased the particle deﬂections. Some particles were also
deﬂected due to channeling in one of the subsequent strips. As a result, the incident beam was strongly
spread because of opposite directions of the deﬂections. A modiﬁed multi-strip deﬂector produced by
periodic grooves on the surface of a thick silicon plate was used for these measurements. This technique
provides perfect mutual alignment between crystal strips. Such multi-strip deﬂector may be effective for
collider beam halo collimation and a study is planned at the CERN SPS circulating beam.
 2015 CERN for the beneﬁt of the Authors. Published by Elsevier B.V. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).Bent crystals in planar channeling mode have been used for
both extraction and collimation of the beams at large circular
accelerators [1–3]. Volume reﬂection from bent atomic planes of
a silicon crystal recently observed for high energy protons [4–7]
may also be useful for accelerator beam control. It takes place in
a bent crystal near the tangential intersection of the particle
momentum with bent planes. The deﬂection angle of particles
due to volume reﬂection hVR is limited by a value of about 1.5hc,where hc = (2Uo/pv)1/2 is the critical channeling angle, Uo is the
depth of the planar potential well, p and v are the particle momen-
tum and velocity. For instance, protons can be deﬂected in a direc-
tion opposite to the crystal bend due to volume reﬂection by angles
of 14 and 3.5 lrad when their momentum equals 400 GeV/c and
7 TeV/c respectively [7]. The probability of volume reﬂection is
high, approaching 98% for 400 GeV/c protons [6]. However, the
problems of accelerator beam extraction and collimation require
considerably larger deﬂection angles of the circulated particles.
The deﬂection angles due to volume reﬂection may be increased
using a sequence of bent crystals. If volume reﬂection can occur in
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deﬂection angles of particles increase proportionately with the
number of crystals. Multiple volume reﬂection (MVR) was ﬁrst
realized for 400 GeV/c protons at the CERN SPS with two and ﬁve
silicon crystals [8,9] which were bent in separate bending devices.
It was necessary to align step-by-step the separate crystals to
obtain volume reﬂection of protons in each of them. Afterwards,
the silicon multi-strips (MST) were successfully used to obtain
multiple volume reﬂections for 400 GeV/c and 70 GeV/c protons
[10,11]. The MST were cut from one silicon plate and bent using
a force applied in a common bending device. Nevertheless, the
inaccuracy of alignment in these MST was large, about tens of
microradians. As a rule, the edge strips were not sufﬁciently well
aligned to contribute to multiple volume reﬂections.
In this paper the results of testing a new device to realize multi-
ple volume reﬂection of particles in the sequence of bent silicon
strips are presented. A schematic diagram of the crystal deﬂector
and its photograph are shown in Fig. 1. The deﬂector was produced
from a 70  15  5 mm3 silicon plate. The large faces of the crystal
plate were parallel to the (111) crystal planes, while the entry face
was normal to the h110i axis. Conversely to the method based on
the use of external force produced by the holder, the method
proposed (described in [12]) uses internal stresses created by the
grooves on the surface of a thick crystal plate. The depth of the
triangular grooves was about 1.1 mm in our case. The bending of
2 mm long separate strips, which are formed between the grooves,
was produced by deformation of the surface layers due to the
Twyman effect [13]. Because of the thick unbent base of the crystal
deﬂector, mutual alignment of the surface strips, both angular and
spatial, is signiﬁcantly better than with the use of a bending device.Fig. 1. (a) Schematic representation of bent multi-strips produced by the periodic
grooves on the thick crystal surface. (1) Bent crystallographic planes, (2) rough
surfaces of the grooves, (3) a particle deﬂected due to channeling and (4) a particle
reﬂected by bent planes. (b) Photograph of the silicon crystal plate with the periodic
grooves.The experiment was performed with 400 GeV/c protons at the
H8 external beam line of the CERN SPS. The experimental layout
was similar to that described earlier in [14]. Five pairs of silicon
microstrip detectors, two upstream and three downstream of the
crystal, were used to measure incoming and outgoing angles of
particles with an angular resolution in each arm of about 3 lrad
[15]. The measured angular divergence in both horizontal and
vertical planes of the incident beam was about 10 lrad. A high
precision goniometer allowed orienting the multi-strip deﬂector
in both orthogonal planes with an accuracy of 2 lrad. The scheme
of the crystal alignment by the goniometer is shown in Fig. 2.
In the ﬁrst stage of our study a scan of horizontal orientation
angles ux of the crystal deﬂector was performed. Fig. 3a shows
the beam intensity distribution behind the crystal as a function
of the particle deﬂection angles hx at different horizontal angles
ux of the goniometer (the intensity values are shown by different
colors). Only particles hitting the crystal near its surface in the
range 0 < x < 200 lm were selected because the bend of the strip
layers fast decreases with increasing distance from the surface.
At the beginning (left) as well as at the end of the angular scan
the mean deﬂection angle equals zero due to scattering of particles
in the crystal deﬂector as in an amorphous substance. For deﬂector
orientations near ux = 0 incident particles are deﬂected by angles
of about 200 lrad due to channeling. This deﬂection angle gives
us the strip bend angle a = 200 ± 10 lrad, and the corresponding
bend radius R = 10 m. There are no other maxima with the same
deﬂection which means that all strips have about the same orien-
tation. So, we may conclude that the method used for the MST pro-
duction really provides a goodmutual alignment of the strips. With
increasing ux the condition for volume reﬂection initially appears
in the ﬁrst strip and then in the subsequent ones. For this reason,
the deﬂection angle due to VR increases and reaches the maximum
value of 5hVR when VR occurs sequentially in all ﬁve strips. In this
interval of deﬂector orientations there is also some fraction of the
beam deﬂected to the bend side due to channeling because parti-
cles can enter the channeling acceptance area after volume
reﬂections in the previous strips.
Fig. 4a shows the deﬂection angle distribution of protons for the
goniometer position marked by the arrow in Fig. 3a where multiple
volume reﬂection occurs in all ﬁve strips (histogram 1). The efﬁ-
ciency of one side MVR deﬂection with hx > 0 is about 90%. The
efﬁciency of MVR deﬂection exceeding the RMS angle of multipleFig. 2. Scheme of the multi-strip crystal installation relative to the beam. The
entrance crystal face is normal to the h110i axis, whose direction is close to the
beam direction. The (111) planes are parallel to the strip surface. They are bent due
to the grooves. ux and uy are the horizontal and vertical angles of the crystal
orientation to align the (111) planes and the h110i axis with the beam direction,
respectively.
Fig. 4. The horizontal deﬂection angle distributions of 400 GeV/c protons. (a)
Histogram 1 for the case shown by the arrow in Fig. 3a when particle volume
reﬂections are realized in all ﬁve strips, histogram 2 in the case of multiple
scattering for amorphous crystal orientation. (b) For the case shown by the arrow 1
in Fig. 3b when multiple volume reﬂections in one crystal are realized in the few
ﬁrst strips and deﬂection due to channeling in the subsequent one. (c) For the case
shown by the arrow 2 in Fig. 3b when the h110i axis is aligned with the beam.
Fig. 3. The intensity distribution of the 400 GeV/c proton beam having passed
through the ﬁve-strip silicon deﬂector in the deﬂection angles of particles hx: (a) at
the different horizontal angles of the goniometer ux. The arrow shows the
goniometer position for which volume reﬂection of protons is realized in all strips.
(b) At the different vertical angles of the goniometer uy, with ux ﬁxed in the
position shown by the arrow in (a). The arrows 1–2 are at the goniometer positions
for which different mechanisms of particle deﬂection occur.
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histogram 2 (hx > 25 lrad) is about 80%. The MVR maximum posi-
tion is about 62 lrad, which agrees well with the theoretical pre-
diction for this ﬁve strip deﬂector hMVR = 5hVR = 5  13 = 65 lrad
[7].
There are possibilities to increase the deﬂection angles of pro-
tons in our surface multi-strip deﬂector. It was predicted in [16]
that particles entering a bent crystal with a small angle with
respect to a crystal axis can be deﬂected due to a series of volume
reﬂections by different planes crossing the axis. Besides volume
reﬂection by the crystal plane normal to the bending plane, which
was considered above, particles can be also reﬂected by skew crys-
tal planes. This effect of multiple volume reﬂections in one crystal
(MVR OC) should increase few times the deﬂection angles of parti-
cles. The MVR OC effect was conﬁrmed by an experiment [17] with
an external beam of 400 GeV/c protons from the CERN SPS and
then at the circulating proton beam of the IHEP synchrotron [18].As already mentioned, the entry face of our deﬂector was cut
normal to the h110i axis. After the deﬂector installation the angle
between the h110i axis and the beam direction was not ﬁxed. As a
rule it should be large. The previous scan of horizontal orientation
angles ux allowed us to ﬁnd the effects of channeling and volume
reﬂection by the normal (111) crystallographic plane. Now the
vertical orientation angle uy had to be scanned to ﬁnd the angular
area close to the axis direction. This scan was performed with the
horizontal orientation angle ﬁxed in the MVR position marked by
the arrow in Fig. 3a. Fig. 3b shows the beam intensity distribution
observed behind the crystal as a function of the deﬂection angles hx
at different vertical angles uy of the goniometer. The intensity
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direction is parallel to the beam direction. The particle deﬂection
angles increase when the crystal axis direction becomes close to
the beam direction. Simulations performed using the computer
code SCRAPER [19] for such a crystal deﬂector give good qualitative
agreement for both scans.
Fig. 4b shows the deﬂection angle distribution for the crystal
orientation marked by arrow 1 in Fig. 3b when the beam broaden-
ing is maximal. The RMS proton deﬂection is about 80 lrad, which
is more than 3 times larger than for the amorphous orientation.
The deﬂections in the VR direction increase because the MVR OC
effect is realized in a few strips, which considerably increases the
effective reﬂection angle in all of these strips. Because of these
MVR OC deﬂections in a few previous strips some particles enter
the channeling acceptance area and are captured by the bent pla-
nar channels. The resulting deﬂections of these protons towards
the bending side are about ux–a.
Fig. 4c shows the deﬂection angle distribution for the crystal
orientation when the h110i axis direction coincides with the beam
direction (shown by arrow 2 in Fig. 3b). In this case, particles
undergo multiple potential scattering by the h110i atomic strings
in a few ﬁrst strips (doughnut scattering [20–22]). This gives them
some vertical momentum, which is sufﬁcient to experience the
action of both the (111) vertical and skew planes. Only then the
MVR OC effect can occur for these particles in a few subsequent
strips. As a result the mean particle deﬂection is about 57 lrad,
which is larger than for the MVR case shown in Fig. 4a.
Our experiment showed that the bent strips produced by the
periodic grooves on the crystal surface really have good mutual
alignment, which allows to achieve volume reﬂection of incident
particles in all strips (multiple volume reﬂection). It was also
shown that the effect of multiple volume reﬂections of particles
in one crystal (MVR OC) is realized for the deﬂector orientations
when the direction of its main crystallographic axis is close to
the incident beam direction. This regime can allow the use of the
multi-strip deﬂector as a primary collimator because the deﬂec-
tions realized for the beam halo particles are sufﬁcient to direct
them onto the secondary absorber. The efﬁciency of such a primary
collimator is planned to be studied at the circulating beam of the
CERN SPS.Acknowledgments
We wish to acknowledge the strong support of the CERN EN-STI
and BE-AOP groups. We also acknowledge the partial support by
the Russian Foundation for Basic Research Grants 05-02-17622
and 06-02-16912, the RF President Foundation Grant
SS-3383.2010.2, the ‘‘LHC Program of Presidium of Russian
Academy of Sciences’’ and the Grant RFBR-CERN 12-02-91532.
G. Cavoto, F. Iacoangeli and R. Santacesaria acknowledge the
support from MIUR (Grant FIRB RBFR085M0L_001/
I11J10000090001). S. Dabagov acknowledges the support by the
Ministry of Education and Science of RF in the frames of
Competitiveness Growth Program of NRNU MEPhI, Agreement
02.A03.21.0005. Work supported by the EuCARD program GA
227579, within the ‘‘Collimators and Materials for high power
beams’’ work package (Colmat-WP). The Imperial College group
gratefully acknowledges support from the UK Science and
Technology Facilities Council.
References
[1] A.G. Afonin et al., Phys. Rev. Lett. 87 (2001) 094802.
[2] W. Scandale et al., Phys. Lett. B 692 (2010) 78.
[3] V. Shiltsev et al., FERMILAB-CONF-10-127-APC, May 2010.
[4] A.M. Taratin, S.A. Vorobiev, Phys. Lett. A 119 (1987) 425.
[5] Y.M. Ivanov et al., Phys. Rev. Lett. 97 (2006) 144801.
[6] W. Scandale et al., Phys. Rev. Lett. 98 (2007) 154801.
[7] V.A. Maisheev, Phys. Rev. ST AB 10 (2007) 084701.
[8] W. Scandale et al., Phys. Lett. B 658 (2008) 109.
[9] W. Scandale et al., Phys. Rev. Lett. 102 (2009) 084801.
[10] W. Scandale et al., Phys. Lett. B 688 (2010) 284.
[11] A.G. Afonin et al., At. Energy 106 (2009) 409.
[12] A.G. Afonin et al., Instrum. Exp. Tech. 56 (2013) 617.
[13] J.C. Lambropoulos, S. Xu, T. Fang, D. Golini, Appl. Opt. 35 (1996) 5704.
[14] W. Scandale et al., Phys. Lett. B 701 (2011) 180.
[15] M. Pesaresi, W. Ferguson, J. Fulcher, G. Hall, M. Raymond, M. Ryan, O. Zorba,
JINST 6 (2011) P04006.
[16] V.V. Tikhomirov, Phys. Lett. B 655 (2007) 217.
[17] W. Scandale et al., Phys. Lett. B 682 (2009) 274.
[18] A.G. Afonin et al., JETP Lett. 93 (2011) 187.
[19] I.I. Degtyarev, O.A. Liashenko, I.A. Yazynin, in: Proc. of EPAC 2000, Vienna,
2000, p. 2506.
[20] J.F. Bak et al., Nucl. Phys. B 242 (1984) 1.
[21] N.F. Shul’ga, A.A. Greenenko, Phys. Lett. B 353 (1995) 373.
[22] W. Scandale et al., Phys. Rev. Lett. 101 (2008) 164801.
